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"-Indeed, for a given magnitude of atmospheric exposure
to a ptxentially toxic particulate contaminant, the
resulting hazard can ranze all the way from an insigni-
ficant level to one of great danger, depending upon the
size of the inhaled particles and other factors that Lie-
termninc their fate in the respiratory system. "
"lIheodore I latch and Paul Gross from the introduction
in Pulnonary Deposition and Retention of Inhaled
Aerosols, Academic Press, N. Yo 1974, pg. 2.

INTROD)UCTION

"1-he respiratory tract is both a portal of entry and a target for en-
vironmental air px)llutants. In an industrial society vast numbers of pxople
are exposed occupationally and more generally,- environmertallv, to a vari-
etv of dusts, fumes and other aerosols which may produce lung disease.
SParticulate toxic agents include asbestos, silica, metal fumes, infectious
agents, acid mists, fibrous glass, and in the nuclear industry, radioactive
aerosols. Important considerations in assessing inhalation hazards include
the biological status of the exposed individual and the chemical and physical
characteristics of the aerosol. lactors related to particle size that influ-
ence the toxicity of inhaled aerosols in humans include mass per particle,
aerodynamic bchavior, rate of dissolution in the lung, efficiency of uptake
by macrophages, and the ability of particles to penetrate biological membranes.

"*1Rescarch supported by the National Institute of E'nvironmental I ealth .Sciences
(NIIJIIS) via AEC Contract AT (29-2)-1013 with L.ovelace Foundation.
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A EROSOL S

An acrosol is a relativdy stable suspelnsion of small, solid parti-
+tes or liquid droplc's in a g-s. Ouly a smooti, spherical particle or

dr.oplet c:lan be conveniifntly described by- a unique geometric diameter.
Siuice alero)SOlS of solids tarely consist of smooth, spherical particles,
cL''m enions for paricle diame..ters are define-d which are usually based
upon available measurement techniques. For example, the size of a par-
ticle Il1a\ hv described in terms of its pirojccted area diameter, some de-
fined aS the. gCxetlric diamiter of a circle which has the same area as theI two-dimensional outline of the particle lying on a collection surface. Other

convenltions for describing physical size can be baised on measurements of
-acat,-erd lis.Jit, surface area. electrical mobility or other physical or chem-

ical i•nphetmena. Methods for physical sizing of aerosols have been discus-
sXd byRaabe (11 )70) and by MeN e (1973'

Because important inertial protprties of particles, such as settlingspeCd or ability to turn corners in a moving air stream, depend on factors
such as density and shape. in addition to physical size, it is often useflC to

describe particles in terms of an aerodynamic (equivalent) diameter. [he
aerodynamic (eqtuivaient) diameter which is usually used in inhalation to.i-
cology is the gcometric diameter of a spherical particle of unit density
material ( 0 - i gni cnti) which has the same settling velocity (in still air)as the. particle �ing described, rwo particles having markedly different

densities or shapes ma%, var\ considerably in physical diameter but have
tile same aeroidvnamic diameter.

[or particles larger than abxout 0.*5 micrometer (AM) in physical
diameter where inertial and gravitational forces dominate: particle motion,
the acrdv namic diametcI r can ibe used to predict particle deposition in the
respirators tract. Below alx), 0. 5 gm the particle size is approaching the
mean-free-path b)etwecn collisions of air molecules, and diffusional forces
tend to 2{ minate the particle motion and the physical diameter of the par-
ticle correlates more closely with acrotdynamic behavior, and should be
used when consi. ering particle motion.

Since individual pariticles in a given aerosol usually vary widely in
size, statistical descriptions are often used to describe aerosols. For
example, aerosol size distributions may be described by a mean physical
or aerotdinamic diameter and the associated standard deviation (or by a
median diameter and geometric standard deviation).
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INN! lAth) D'ifCIi EPOSITION ANi) CI '!;ARANCL

Inhaled particIles may delx~sit onl the various -surfiacs of the respir-ý
aturv trtw;. The Task (iroup on Lung -rutiamic (--. the intc-tnational Comn-
1n-ission onl RadioloizicalPoeto a rp~ a general modexll useful in
veStinmatingy thepoxtential hazards, associated~1 with inhaled aerosols (Ta4s
Group onl Lung, Dynamics. 1966). TIhis ;nodd. includes estimates of bo--th
the fractional d.-itosition of inhaled particles wifh respect to aerodynamiic

ize. aw.d cle~arance of deivsited parrick~ frorn the respiratory tract with
respect to deivisition region and baisic piarticiv properties. -Ilie model
divides the res~piratory tract into,. three regioas based upon anatomical fe~a-
tures and particle deposition anti cleatranc 11ic-nornena. 'Ilie regions,

called (a) the nastojparvnx (NIP). (b) the trach'%:ibronchial region (F113) and 4
(C) the pulmonary or parenchymral re-,;on (P)), are referred to in FIur 1I

COW'A**11 DEPOSITION CLFAMISE -PATIOOLO&Y

h- dIiffusion aOk.iriutei mnlciamtion
- a: electrostatic blowing

impaction muco-ciliniry broncho-ispesa
TrtiaF sedimantation (hours. l~-?) obttito

li racheobvmftchial diffusion ctoughing cancer

_____________ solubilization inflailation
Parenhym S j edmetation pftagoCytosis eelema
p diffusion interstitial emphyseim

Prnhm' interception (hours to years) fibrosis
I - cancer

Figure 1. Comnpartmental model of the respiratory tract as used by the
Task Group on Lung 1A.namics of the ICRIP (1966) with the airways from
nose to larynx in the Nil (nasoilharmnaea) region, tile trachea and ciliated
bronchi and bronchioles in :he (trachI-obronchial) region and tile nonciliated
bronchiolecs, alveolar ducts, alveolar sacs, atria and alveoli in the 11

(parc-ncy or pulmnonary) region. 111e types of particlu deposition,
clearance and p~otential pathology, are sunlmarizctd for each.
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"lhe nasopi-'irvinx (NN) be-ins at the anterior nares and includes the
respratory ainivay down to hlie level of the larynx. Particle deptt)sition in
**his •-egioi is prima rilv limited to the larger particles whose inertial pro-

Okerties cause imptction in the nasal txassagcs or entrapment by nasal hairs.
Two pxathways, boAth having a half-time of 4 minutes. arc used by the Task
Grotup to describc die Chaclearne- of particles ,xhich deposit in the NP comn-
tpari-tment. The first describi= uptake off iela'iveh soluble material into the

lood. wthile the second rCptresents rhi sical clearance b\ muco-ciliar\ traIS-
Ix~rt to the throat for subsequent swallowing.

Expeilimcntal data indicate that the anterior one-third of tile nose.
where v O-- of 7 gi;n particles deposit, does niot cleair except by blowing.
wiping or other ,x, rinsic mlcans (Walsh, 19-•71: Proctor, lJ71) and effective
removal of insoluble particles may require one to two days. "lhe posterior V
lortions of the nose have mucociliatv clearance, with clearance half-times
of aliout 6-67 hour (CMorrow. 1072).

Tlhe trachcobronchiail re ion (TB11) bed-ns at tile larynx and includes I
thef tachea and the ciliated bronchial airway s down to and including the

ter-iinal bfonchioles. A iAativelv small fraction of all sizes of particles
which pass throutzh the NP fea1 on will deposit in the tracheobronchial reion.
"lliT mechanisms of inertial impaction at bifurcations, sedimentation and, --

for small particles, Brownian diffusion cause TIl deposition. Interception
can lie an imtprtant deposition meclhanism for fibrous dusts. In mouth
breathingy of aeros.ols, such as in cigarette sia-oking, tile benefits of the col-
lect'on of larger pxarticles in the nose ar: lost and these larger particles
tend to dep,.sit in the T1B region with hhi efficiency. An important charac-
teristic o0 the TB region in the Task Group model is that this region is both
ciliated ;and equipped with mucous secreting elements so that clearance of
W.po•sit-td particles rapidly occurs by muco-ciliarv action to the throat for
swatiowing. Again, rclati'ely soluble material may enter the systemic

circulation.

"flit rate of mucous movement is slowest in the finer airways and
increases toward the traclha. Since particles depositiag in the tracheo-
bronchial tree are probably dist ributed differently with respect to size, with
smaller particles tending to deposit deeper in the lung, one expects larger
particles to clear more qUickly. Clearance of material in the T'l compart-
mnsent cannot be described by a single rate. TB- clearance half-times from
experimental studies imply that the larger airways, intermediate airways
and finer airways clear with halftimes of about O. 5 hours, 2.5 hours and
5 hours, respectively (Morrow, et al., 1967; Morrow, 1972). it is rela-
tively certain that material with slow dissolution rates in tie TB compart-
ment will not persist for longer than atx)ut 24 hours in healthy hum;ans. Thc
detailed nature of the mucociliary clearance mechanism has been recently
reviewed by Schlesinger (197U3 S
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-lhC thiird coin plrt rmint. tile pulmonary or parenchymal region (P)
represents the functional gas cxcllange s;ites of the lung. It includes respi-
ratory bronchioltes, alveolar ducts, alveolar sacs, atria, and alveoli. lFor
particles to reach and depos. in this region they must penetrate the NI' and
Ill regions oni inspiration and either by settling or diffusion come into con- -

tact with pulnionary .;urface-s. Since a pxortion of each breath remains un-
exhaled, the tilics available for deposition may he long for some imrticles.
Smaller particles are .:f primary importance in pulmonary d&position.
Clearance from the pulmonary region is not completely understood, but the
Task Group suggIst several mechanisms including: (a) the dissolution of

teiativelv soluble material with absorption into the systemic circulation,
(bi direct passage of particles into the blood, (c) phagocymosis of particles
b v macr.phages with translocation tu the ciliated airways and, (d) transfer
of pxarticles to the lymphatic system including lymph nodes.

Thie fate of particles deposited in the P coiupartmentis strongly de-
pendent on the mnechanical stability of the particles. Particles that undereo
sigaificant dissolution in the fluids found in the lung may dissolve while s.ill-
withiin thle air spces. imiside phag0cytes or while in interstitial spaces, The

Task Group (1966) recommiended the use of three clearance half-times of
130 minutes, 90 days and 360 days for rieadily, intermediately and minimally
"soluble matetials, respectively. An omiitted factor in this clearance model
-- i-jiticle size (the ,t of dissolution of a mater'Ia in biological fluids
;._?`" g dependent on the available surface area of particles). At the present
time cleaiance rates for tile deep lung for humans are not known for many
materials and the rates recommended by the 1ask Group provide a useful
guide in the absence of detailed information.

1"w relative deposition of inhaled particles of various aerodynamic
diameters as suggested by the Task Group for a moderate level of respi-
ratory effort is shown in Figure 2. llc total deposition and the fractional
deposition in individual compartments are shown. The minimum total de-
position at about 0. S pil occurs since particles of this size are not strongly
influenced by either inertial or diffusional forces.
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1: igure ThIe deposition fraction of inhaled aerosols of vartious individual
pa rticle sizei W nfl r espect o aerodynamici i nal eroA! ls tfe Modeled vae
regions of the hutan respi ratory tract (assuming a respiratornc rate of 15
peh- minute and a idan volumne of 14r50 cmi) as recom lended by the Task
Group oi cmung Exciianloics of tite iC tion1and r on

"t"(IaC)I'Y AND PARTICatc SMZas

isartica l size infliedces the toxicity of inhaled aerosols for a varietd,of reasons: (a) p~article size affe~cts tile miass per txiirticle and nilgh( there- i
fore be extectcod to affe~ct t1-tcntiai for hazard: (b) ZIS descr-ibed, tile site of
dleposition within tile rcspirlatory it-act as well as tile clearance patternl is, :,
to a gFreat exte~nt, influecelcd by aurmitynanmic size: (c) smaller particles •
have larger surfacQrto-lonass; ratios anld there~fore are more active with i
respect to chemical or physical interaction and rate of dissolution: (d) rate _
of phagocytic uptake :nia vatry with pairticle size: and (e) lxirticle size 11ay :
influence tile lenc'trati(Jn of iparticles through nmcnibranvr; of the lung.

(a) IParticle Ma•ss

- "~'ficl total mass of muaterial deposited in tile respiratory tract ;'
is usually initpirtant it! deternmininlg tile po)tential toxicity for an inhaled

aerosol. I fence, the deposition of a few particles that have a large mass

! ~358 •
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per particle mav be more important than the deposition of numerous particles
that are. aclh small in mass. "iMis fact is particularly relevant because the
mass 1) 1 article for aerosols in the respirable size range can vary over
nlitv o1-,' rs of magnitude. FoIr example, since the mass of a spherical par-
t,,Ce is proportional to the cube of the geomL-tric diameter, 1000 particles of
0. 1 14m Jiametcr must be deposited in the lung to equal the mass burden from
tihe deosit"'i of btt. a single I /am diameter particle.

When [particles of different individual masses are deposited intheý rv-spira,,,ry tract, the- number of cells which each directly affects may

v.-I, significantly wirti restpect to mass per particle (depending upon the mecli-
atils-i and range of influencc). A given amount of mass deposited in the res-
oi ira," 'ract may be distributed a ,tong numerous small particles or among

. ge particles and the effect on overall toxicity, of these different sit-
Ua ,'-- may not bc2 readily apparent. These considerations are probably iess

I1f|^•i tant for rapidly diisolvcd materiil- that is ihi the particulate state only a,
bilief time, and ilOst. ipiit-rtanit for iiiaterial that is resistait to dissolutionin--
the lurtig.

"hlic case of felativeiv insolible radioactive Oartices ofe alpha
Etemitting niaterials deposited in the pubionar y regiohi liiovides a timely ex-
ample. Since the major direct effect o- the tbrtkI-es on the surrounding-celigSrelates to tie alpha emissions, each ierosol particle irradiates a small stur-
rounding volume of the lung. It can be argued that a given mass burden in the
lung distributed among a few massive particles is less carcinogenic because
the nunib,-r of cells at risk is limited and those that are irradiated may in fact
be over-itradiated and in effect sterilfied, preVenting development of neoplasiai
On the other hand, it can also be argued that the distribution of the lung burden
in larger particles is more hazardous because of the large local radiation doses
received by cell.- ;urtounding the particles, and it is .ss hazardous to have
smaller radiatinin doscs which are associated with smaller particles (even
though more cells art irradiated). This so-called "hot particle" question
bears on the environmental imnpact of a nuclear technology and is currently
being studied by many investigators.

(b) Aerodynamic Properties

Types of solid particles that can be identified with respect to
their shape and concomitant aetodynailnic character include: relatively glob-
ular particles that tend to approximate spherical shapes; Olate-like or flat
particles; long, thin particles or fibers; and clusters or agglomerates of par-
ticles. For relatively spherical particles of a given aerodynamic diameter,
higher density particles have lower total mass. Hollow, or-spongy particles
of a homogeneous material will therefore have more mass per particle for a
given aerodynatnic size. l)ifferences in toxicity with respect to particle
density have not been demonstrated.

3.59
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I .nn', thin fibers have aenkdynanji.. dianleters nea)'ly inde.

pCildcnt of their !1cginth LIP) tI A I04thh-to -dianilet-r ratio of alx)ui 20 (Timbrdll,
t'"72: XILerccr, 1973). F (r ibis recalson asbeStos fibers containing consideral)le

mass call behave likc sm.dinbr pxirti s arLlodynamlically aMd pnclettrate- dLeeply

into tile hluig. M]iis cff,.. is cmlphasizcd twv the many cas.s of pulmonary
a51)et(Jsis froill theiL"i.it)S jIdUslry.

A piarticularly interesting aerosol in industrial toxicology, tllh

nietal ftit i,:. C :s 0?, Jhain-lik. aggllt.icattes of Ixlrticles smaller than

0. 1 Win; (t'igu'e 2wL ivrune toxicity is known to be a,,:soCiated With tlil in-

halation of metal furmles. Ihis lllaV l D dUel to) thle( relatively large surfacev
are.'a assciated wiih a rivci!n mass of fumce aerosol. "lhv aerodnViamic drag

on tilh; large surfac,.-s of fumei particles allows thenm to follow airstreams and

Cscape inlmaction in the NP) and TB comlpartmients. As in the case of the

asbestos fibers, tie ability of metal fume particles to penetrate. to tile deep
1 1n g uhidoubtedlv contributes tO their hazard.

(c SurfacLe A rea

"T'wo categories of toxic particulate materials can be identified
With respect to mechanism of to\kicitv. Materials such as asbestos and quartZ
that at~e hazardous as solid pairudcles. appear to have toxic shape or surface
characteristics. tineunoconios~es in gieneral arc caused by the presence of
intact particles. Other materials like PbJ and Mn probably reqUire dissolution,
or at least sonic form of transfofniation from :he orthnal particle, in order
to be toxic ( latch and Gross. 1964). 1or bxoth categories of particulate nmate-
rials the specific surface, or surface-to-mass tatio, affects their toxicity.
"lhei surface-to-mass ratio for smooth spherical piarticlvs is equal to 60, 1),
wheire P is the physical densilx and i) the g(•nmetric dianmter. One micrometer
diameter unit densit3 particle:i have a specific surface of 6 ill' g, while 0.01 Am
particles have an area of 600 m".* Tllhe increased toxicity of finele divided
silica, discussed 1W I latch alnd (Mross (1964), appears to relate to increased I
Sulrface. r.l: . The mechanism for toxicity a)pe.ars to involve a tissue reaction f
to tile partic!e surfacc.

A nmodel for dissolution of paxrticles in the 1P compartment that
correlates well with experimental data 0on deep hlng clearance has been pro-
posed by Mercer (10 67!. The model assumes a rate of dissolution that is
proportional to, the available surface area of th.. particles. [ or materials
that arc toxic when dissolved, increased surface area tends to enhance tox-

tinicitv. "lle dissolution of silver particles (mass median diameter- 0. 04 tum)
in various aqueous media indicates that even a so-called -insoluble" material
can undergo rapid dissolution wfihen in a finely divid:d state (f'16ure 4).
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F igure 3. klectron micrograph oif a sample of a mbetal-fume aerosol. The
small, spherical primary pairticles, silver in this case, cluster to form
branched chain -likc agglomerates. Such agglomerates have large surface-
to-miass ratios, can remain suspnded in air for long periods (due to viscous
drag) and can undergo rapid dissolution in the body'. From 13halen (1972).
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THE DISSOLUTION OF SILVER PAARTICLES
IN VAR-IOUS- SOLVEN TS,

1v0

0.6

~0-2

0 20 40 60 80 100 120
MINUTES

Figure 4. I)issolution of metallic silver particles (count median diameter
0.03 gm) in various aqueous media given as j~gm dissolved per m of par-
tidle surface for various times Up to 120 minutes. Gamble's interstitial fluid
kccipe with and without protelin (bovine albumin) and dist --- I water wecre used.
Ilie increased rate of dissolution with protein present is proL.ibly due to thebnigof silver ions to proteins. *fhec silver particels usedintsstdar
shown in Figure 3. Froyn ffalen (1972).
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On the basis of the dissolution rate found in the protein containing fluid,
Mercer's model predicts that those silver particles should essentially com-
Spletehl dissolve in the lung in about 48 hours (Phalen, 1972). Systemic tox-
icants can lxc expected to be more rapidly dissolved and hence more hazardous
when deposited in the lung as small particles.

(d) Other Size Dependent Factors

Aside from the influence of particle size on magnitude and dis-
tribution of dose, deposition pattern and dissolution rate, there are other size-
related factors that may bear on toxicity. An Optiff•c particle size of 1.5 im
for efficient uptake ot polystyrene spheres by macrophages was suggested by
Holma (1967). Holma (1967) gave an upper limit of 8 gm diameter for phago-
cytic uptake. Tlie question of relative efficiency of uptake by macrophages
of the lung fo" particles in the respirable size range (about 0. 01 to 10 tm) is
Sworthy of futlibe infvestigation.

'Me permeaiibifity of alveolar membranies to ,bare particles has
been reported by Gross and Estrick (1904) and more recently by Tucker et a,
(1973). In the edarier sttdv tat§ were given small caibon particles (-'0.2 pm)
by intratracheal injectioli. Ninieteen hours later the pattidles were fouid exk-
tracellularlv in interstitial spaces; considered by the authors to be proof of
membrane penetration hV bate particles. In Tucker's experiments cairmine
particles ranging from about 5 pm down to below 0.05 pm in diameter were
inhaled by rats. At 3 hours post inhalation, microscopic examination revealed
"small aggregates, up to cell size" in the extracelludar interstitial spaces.
Particulate material in the interstitium would presumably either remain, dis-ý
solve, undergo transpx)rt to lymphatic or blood vessels or return to the res-
piratoryi airway. The presence of interstitial foreign material for prolonged.
periods may lead to lung diseases. The role of particle size in membrane
penetration is not yet well understood.

SUMMARY

Ihe particle size distribution oi inhaled aerosols is a factor in pul-
monary toxicity for several reasons. Among those discussed are the relation-
ship between particle size and amount of toxic agent per particle, the influence
of aerodynamic and real size on the regional deposition within various anatom-
ical regions of the respiratory tract and the effect of both deposition site and
particle size per se on clarance kinetics. The role of particle size in the
assessment oT"Mv'ronmental hazards is one that is increasingly being realized
as important.
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